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XMAP215 Is Required for the Microtubule-
Nucleating Activity of Centrosomes
1B) as previously described [4]. The same centrosome
“scaffolds” exposed to the same extracts from which
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2 Max-Planck-Institute of Molecular Cell Biology ating activity. Because the -tubulin-containing com-
plexes have been shown to nucleate microtubules [5],and Genetics
Pfotenhauer Strasse 108 it was possible that the depletion of XMAP215 also co-
depleted the extract of -tubulin. As shown in FigureDresden 01307
Germany 1E, this was not the case. Thus, we conclude that
XMAP215 is important for the full nucleating activity of
centrosomes reconstituted in egg extracts.
Summary
Immobilized XMAP215 Forms Microtubule AstersMicrotubules are essential structures that organize
in Xenopus Egg Extractsthe cytoplasm and form the mitotic spindle. Their num-
To test whether XMAP215 alone could nucleate microtu-ber and orientation depend on the rate of nucleation
bules in egg extracts in the absence of other moleculesevents and their dynamics. Microtubules are often, but
possibly still bound to the salt-stripped centrosomes,not always, nucleated off a single cytoplasmic ele-
we added beads loaded with recombinant XMAP215-ment, the centrosome. One microtubule-associated
his7 or with anti-XMAP215 antibodies to an interphaseprotein, XMAP215 [1], is also a resident centrosomal
egg extract. Figure 2A shows that XMAP215-his7-con-protein [2]. In this study, we have found that XMAP215
taining beads induce extensive microtubule growth inis a key component for the microtubule-nucleating
the form of an aster. Normally, in an interphase extractactivity of centrosomes. We show that depletion of
there is considerable spontaneous microtubule nucle-XMAP215 from Xenopus egg extracts impairs their
ation. We noticed that the addition of beads loaded withability to reconstitute the microtubule nucleation po-
anti-XMAP215 antibodies strongly reduced spontane-tential of salt-stripped centrosomes. We also show
ous nucleation in their vicinity. Local depletion ofthat XMAP215 immobilized on polymer beads induces
XMAP215 from the extract [6] probably explains thethe formation of microtubule asters in egg extracts as
absence of spontaneous nucleation as well as the factwell as in solutions of pure tubulin. Formation of asters
that microtubules growing from XMAP215-loaded beadsby XMAP215 beads indicates that this protein is able
are relatively short. In extracts depleted of XMAP215,to anchor nascent microtubules via their minus ends.
free nucleation is totally abolished, and only beadsThe aster-forming activity of XMAP215 does not re-
loaded with XMAP215 nucleate a halo of extremely shortquire -tubulin in pure tubulin solutions, but it is -tubu-
microtubules (they fail to elongate beyond 3–5 m be-lin-dependent in egg extracts. Our results indicate that
cause free XMAP215 is required for suppressing catas-XMAP215, a resident centrosomal protein, contributes
trophes in the extracts) (Figure 2A). It is known thatto the microtubule-nucleating activity of centrosomes,
depletion of -tubulin from egg extracts prevents thesuggesting that, in vivo, the formation of asters by
reconstitution of the microtubule-nucleating activity ofcentrosomes requires factors additional to -tubulin.
salt-stripped centrosomes [7]. We therefore examined
-tubulin’s contribution to the microtubule nucleation
Results and Discussion induced by XMAP215-loaded beads in egg extracts. As
shown in Figures 2B and 2C, even a partial (70%)
XMAP215 Participates in the Microtubule- immunodepletion of -tubulin prevented XMAP215-
Nucleating Activity of Centrosomes loaded beads from nucleating microtubules in the ex-
Xenopus egg extracts can be used to reconstitute the tracts. Beads loaded with antibodies against other Xen-
microtubule-nucleating activity of centrosomes pre- opus MAPs such as EB1, TPX2, and XMAP310 [8–10]
viously inactivated by salt or urea treatment [3, 4]. We did not nucleate microtubules (Figure 3A). Surprisingly,
have used this assay to determine the function of Xeno- beads loaded with anti-C-terminal -tubulin antibodies
pus microtubule-associated protein 215 (XMAP215) at also did not form asters in this assay, although they
the centrosome by testing the complementation activity efficiently precipitated all the proteins of the -tubulin
of extracts depleted of XMAP215. First we show that ring complex (-TURC) (Figure 3B). Moreover, -TURC
the capacity of inactivated centrosomes to nucleate mi- eluted from these beads was able to nucleate microtu-
crotubules in pure tubulin solutions could be restored bules in solutions of pig brain / tubulin (data not
by interphase Xenopus egg extracts (Figures 1A and shown). The formation of asters by beads loaded with
recombinant XMAP215 was specific, as indicated by the
fact that another recombinant centrosomal microtubule-3 Correspondence: andrei.popov@embl-heidelberg.de
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Figure 1. Depletion of XMAP215 from Xeno-
pus Egg Extracts Impairs their Potential to
Restore Microtubule Aster Formation by Salt-
Treated Centrosomes
(A) Images of representative asters formed
by salt-treated centrosomes after they were
exposed to different Xenopus egg extracts.
Salt-treated centrosomes were incubated
with an extract, reisolated on a sucrose gradi-
ent, and used for aster formation in the pres-
ence of the /-tubulin solution and the Rho-
damine-labeled tubulin. From left to right, the
panel shows control salt-stripped centro-
somes (no extract); centrosomes incubated
in a mock-depleted Xenopus egg extract;
centrosomes incubated in extract depleted
of XMAP215 (XMAP215); and centrosomes
incubated in extract depleted of XMAP215
and supplemented with recombinant
XMAP215 ( rec XMAP215).
(B) Quantification of randomly selected mi-
crotubule asters shown in Figure 1A. Error
bars show standard deviation.
(C) Immunoblots of the control and of
XMAP215-depleted extract before and after
the addition of recombinant XMAP215 from
the centrosome reconstitution assays (Figure
1A). The upper panel shows a membrane
probed with anti-XMAP215 antibodies; the
lower panel shows a membrane probed with
anti--tubulin antibodies. HS, high-speed
(72,000 g) clarified mitotic extract.XMAP215-,
same HS extract, depleted of XMAP215.
(D) Baculovirus-expressed recombinant
XMAP215-his7 analyzed after SDS-electro-
phoresis. Lane 1, markers; lane 2, Coomassie
blue-stained gel showing recombinant
XMAP215-his7; lane 3, nitrocellulose mem-
brane with transferred XMAP215-his7 probed
by Ni-NTA-HRP conjugate; lane 4, immu-
noblot showing XMAP215-his7 probed by af-
finity-purified anti-XMAP215 antibodies.
(E) Immunoblot showing that -tubulin con-
tent in egg extracts does not change with
XMAP215 depletion.  depleted.
associated protein (MAP), Xenopus EB1, failed to form bule asters, indistinguishable from those grown off cen-
trosomes. Again, beads loaded with recombinant EB1asters under identical conditions, although it promoted
microtubule growth when added to extracts in a soluble did not nucleate microtubules. Under the same experi-
mental conditions, 0.1 M recombinant soluble XMAP215form (Figure 4A).
Therefore, XMAP215 beads can nucleate microtu- (not immobilized on beads) did not increase the number
of nucleated microtubules, although its addition signifi-bules in Xenopus egg extracts and form microtubule
asters. This activity is dependent on -tubulin. cantly increased the average length of microtubules
(data not shown). We conclude that immobilized
XMAP215 alone is sufficient for nucleation of microtu-Immobilized XMAP215 Forms Microtubule Asters
bules in pure tubulin solution.in Pure Tubulin Solutions
We have shown that depletion of a centrosomal MAP,We next examined whether XMAP215 could nucleate
XMAP215, from extracts clearly reduces their capacitymicrotubules in pure tubulin solutions. For this we used
to reconstitute the aster-forming activity of salt-strippedNTA-Ni-coated magnetic beads loaded with recombi-
centrosomes. The low activity still detected could benant XMAP215 tagged at the C terminus with 7 histidines
explained by the presence of residual XMAP215 in the(XMAP215-his7). The rationale behind using this tag was
extracts after depletion or by the fact that some XMAP215that XMAP215 is targeted to the centrosome through a
remains on the centrosomal scaffolds. How couldC-terminal domain [2]. Also, the antibodies used in the
XMAP215 be implicated in microtubule nucleation andexperiments shown in Figures 2A and 3A were poly-
aster formation? Recent electron microscopy data onclonal antibodies directed against the last 15 amino
the structure of XMAP215 indicate that it is a rod-shapedacids of XMAP215. Beads coated with XMAP215-his7
molecule that binds along partial /-tubulin rings span-induced a robust microtubule nucleation in a 10, 15, and
20 M tubulin solution (Figure 4B) and formed microtu- ning seven to eight tubulin dimers along a protofilament
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Figure 2. Beads Loaded with Recombinant XMAP215 or Native XMAP215 Form Microtubule Asters in an Interphase Egg Extract
(A) From left to right: Ni-NTA beads loaded with XMAP215-his7 (rec XMAP215); protein A beads loaded with a nonspecific rabbit serum IgG
(Rb IgG); protein A beads loaded with anti-XMAP215 antibody; protein A beads loaded with anti-XMAP215 antibody, incubated in egg extract
to saturate them with XMAP215, washed, and introduced into an XMAP215-depleted interphase extract (XMAP215).
(B) Immunoblot showing a partial (70%) depletion of -tubulin from an interphase egg extract. Numbers show microliters of extract loaded
per lane.
(C) Aster formation in a mock- and -tubulin-depleted () interphase egg extract by KE37 centrosomes and XMAP215-his7-loaded beads.
More than 40 XMAP215-beads were observed in 20 microscope fields. All beads formed asters in control extracts, and none nucleated
microtubules after the -tubulin depletion.
[11]. These results suggest that XMAP215 might nucle- process by stabilizing longitudinal interactions between
tubulin dimers and could act cooperatively with theate microtubules by promoting and stabilizing protofila-
ment interactions. It is interesting to compare these re- g-TURC, which favors lateral interactions between
protofilaments. Many MAPs can nucleate microtubulessults with models put forward to explain how the-TURC
nucleates microtubules. One of these models, the “tem- [13], but most of those “conventional” MAPs (e.g.,
MAP2, tau) are not localized at the centrosome.plate” model, proposes that the -TURC forms the initial
13-tubulin subunit ring on which protofilaments can then Microtubule aster formation from centrosomes re-
quires at least two steps: microtubule nucleation andelongate. The other model proposes that the -TURC
forms the first protofilaments and that -tubulin subunits microtubule anchoring. Our results suggest that XMAP215
can fulfill the anchoring function both in pure tubulininteract laterally with /-tubulin dimers to stabilize pro-
tofilaments by pairs (reviewed in [12]). Although some solutions and in extracts. Immobilized XMAP215 can
also form microtubule asters by itself in pure tubulinevidence favors the template model, it seems that the
issue is still unresolved. Clearly, microtubule nucleation solutions, whereas in interphase egg extracts both
XMAP215 and the -tubulin-containing complex are re-is a complex process that can occur in a number of
ways. A MAP such as XMAP215 could participate in this quired for aster formation. This is not the first example
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Figure 3. XMAP215 Antibody Beads Form Microtubule Asters in Mitotic and Interphase Xenopus Egg Extracts
(A) Beads loaded with antibodies raised against different MAPs were introduced into mitotic or interphase Xenopus egg extracts. From left
to the right: beads with anti-XMAP215; EB1; -tubulin; XMAP310; and TPX2 antibodies.
(B) Coomassie-stained SDS-gel showing the proteins, immunoprecipitated by protein-A beads loaded with specific antibodies. Left panel:
12% gel; antibodies against EB1, TPX2, and -tubulin. Right panel: 6% gel; antibodies against XMAP215 and XMAP310.
of a discrepancy between results obtained with pure nucleated by XMAP215 in extracts. Interestingly, in our
assay (Figure 3) anti--tubulin antibody beads do notcomponents and those obtained with a complex system.
A striking difference in the effect of XMAP215 on mi- form microtubule asters in extracts, further supporting
the evidence that the nucleating activity of the -tubulincrotubule elongation has already been observed be-
tween a two-component situation (tubulin and XMAP215) complexes is only a part of the mechanism leading to
microtubule aster formation. This evidence further sup-and the “in extract” situation. With pure tubulin,
XMAP215 does not reduce the catastrophe frequency ports the observation of Moritz et al., who have shown
that Drosophila centrosome “scaffolds” did not form mi-and dramatically increases the growth rate of microtu-
bules, whereas in extracts depletion of XMAP215 only crotubule asters when treated with a -tubulin-depleted
extract, nor did a purified -TURC restore the aster for-slightly reduces the growth rate and dramatically in-
creases the catastrophe frequency [1, 6]. In relation to mation potential of these “scaffolds.” However, -TURC
did restore the microtubule-nucleating activity of centro-XMAP215-induced nucleation, this means that in the
extracts, the conditions are such that microtubule nucle- some “scaffolds” together with a protein factor having
a predicted molecular weight of 220 kDa [7], which isation events require at least two different types of effects
(for example, longitudinal protofilament stabilization as- very close to the molecular weight of XMAP215/Msps
(Drosophila analog of XMAP215). Interestingly, anothersociated with lateral stabilization), whereas in pure tu-
bulin solutions one of these activities is not necessary. Drosophila protein, D-TACC, was reported to interact
with Msps and recruit it to the centrosome [15, 16].The microtubule growth with pure tubulin may happen
because the relative concentration of both tubulin and Overexpression of D-TACC leads to formation of micro-
tubule asters that have at the center Msps, but notthe nucleating factor can be adjusted in the absence of
any (positive or negative) regulation, which is not the -tubulin and other centrosomal markers [15]. All these
results point to a complex regulation of microtubulecase in an egg extract. It is also possible that the recently
discovered minus-end capping function of -TURC [14] nucleation in vivo. The fact that XMAP215, a regulator
of microtubule dynamics, is also involved in microtubuleis necessary for the stabilization of microtubules initially
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